The influence of fluorine concentration on the synergism between Co/γ-Al 2 O 3 and Mo/γ-Al 2 O 3 stacked beds separated by 3-mm of γ-Al 2 O 3 F x (x = 0 -2.5%), in the hydrodesulphurization of refractory molecules contained in gasoil, under operating conditions similar to those of industry, was studied. The results shown, that the synergism increases with F content, reaching a maximum at 0.8% of fluorine, which it is related to changes in zero point of charge (ZPC) and acid strength, due to the incorporation of fluorine. The conversion of most refractory molecule reported is favoured by fluorine.
INTRODUCTION
At the present, environmental regulations are becoming more stringent in relation to maximum levels of sulphur allowed in diesel, increasing the interest in more efficient systems, in order to obtain fuels that meet the standards. This, coupled with the need to exploit petroleum fractions which have a greater amount of refractory sulphur compounds, and the use of products derived from petroleum that will remain the main energy source, have renewed efforts to develop new catalysts for hydrodesulphurization (HDS) 1 . In the conventional Co-Mo/γ-Al 2 O 3 HDS catalysts, the activity of MoS 2 is promoted by the presence of Co, producing a synergetic effect. This effect has been explained principally through two models, the Co-Mo-S 2 and the Remote Control model 3 . In our research group, the synergisms has been studied in experimental conditions in which only operated the remote control model [4] [5] [6] [7] [8] [9] [10] [11] , that postulates that synergism is caused by the formation of an activated hydrogen specie called "hydrogen spillover" (Hso) in the Co sulphide surface, which migrates to the MoS 2 , increasing the amount of its active sites, without formation of any mixed phases like Co-Mo-S 12 . To meet the environmental specifications are required new catalysts that offer better activity and selectivity for hydrodesulphurization of sulphur refractory compounds -known as deep HDS-, and have greater tolerance to sulphur. It is for this reason that various additives have been studied for HDS catalysts and one of them is fluorine. In this respect, it have pointed out that the effect on the catalytic activity of the addition of fluorine to the catalyst is varied and complex, and depends on the type of reaction, the reaction temperature, the fluorine content, and also the order of addition of the promoter 13, 14 . Additionally, it was noted that the incorporation of fluorine change Mo dispersion 15, 16 , and by varying the content of fluorine, synergism increases, passing through a maximum, attributed to the modification of the surface coating of the active phase [17] [18] [19] [20] [21] . In the publication by C. Kwak et al. 22 is studied the HDS of three molecules: dibenzothiophene (DBT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT), based on three basic reactions involved in the mechanism of the HDS: hydrogenation of aromatic ring, hydrogenolysis of the C-S bond, and the migration of methyl groups on the ring structure, using Co-Mo-S/γ-Al 2 O 3 F x catalysts (where x = 0.0 -2.5%), concluding that the addition of fluorine to Co-Mo catalyst promotes all these reactions, mainly due to the improvement in the dispersion of metal and acidity that fluorine would give to the catalyst. The degree of enhancement of the activity by addition of fluorine increases in the order of DBT < 4-MDBT < 4,6-DM-DBT. In another study, by H. Kim et al. 23 , was tested the competitive effect of a feed doped with basic nitrogen compounds as Quinoline and non-basic as Carbazole, during the HDS of DBT and 4,6-DMDBT for Ni-Mo/γ-Al 2 O 3 F x catalysts, observing an increase in activity for the fluorinated catalysts compared to non-fluorinated, it was also found that this increase was achieved for the feeds also doped with nitrogenous compounds, although this activity and the distribution of reaction products changed depending upon the combination of reactants DBT, 4,6-DMDBT and impurities, making reference that, although the path suppresses Quinoline HYD, for the most refractory molecule investigated (4,6-DMDBT) the incorporation of fluorine favors the HDS by this route. Also was published 24, 25 , on which noted the fluorine as additive, given that favor the HDS of refractory molecules due to its ability to increase the acidity of the catalyst, as well as by the increased dispersion of the metal in the support. Furthermore, it is mentioned that the incorporation of fluorine into the catalyst has a positive effect on the activity of HDS, HDN, and hydrogenation, depending upon the amount of and catalyst preparation procedures. It should be noted however, that the use of fluorine in HDS catalysts, have been studies only on Co-Mo bimetallic catalysts in which Co-Mo-S phase can be present, but there are no studies on the effect of fluorine on the Co-Mo synergism in absence of Co-Mo-S phase.
Consequently, the aim of this study was studied the effect of the addition of fluorine in the separator, on HDS of refractory molecules in Co-Mo bimetallic catalysts, but using as model a Co/γ-Al 2 ) was used for diluting the Mo/γ-Al 2 O 3 bed.
The Co/γ-Al 2 O 3 and Mo/γ-Al 2 O 3 catalysts were prepared by impregnation in excess of solvent using a rotary evaporator as in previous studies [4] [5] [6] [7] [8] [9] [10] [11] . Once impregnated the samples were dried at 373 K for 12 h and calcined at 823 K for 4.5 h. The nominal metal contents are close to 1.6 atoms nm -2 for Co and 2.9 atoms nm -2 for Mo. Alumina impregnated with fluorine, γ-Al 2 O 3 F x (where x = 0.0, 0.2, 0.8, 1.5 or 2.5%), was prepared as previously described 26 using a NH 4 F aqueous solution with the appropriate concentration of fluorine for render the fluorine load in each samples. This solution was heated at 373 K and then added to alumina previously heated for 2 hours in an oven at 283 K. The impregnated and wet sample was allowed to stand for 24 hours. Water was removed by drying the impregnated catalyst at 383 K for 2 hours. Subsequently the solid was heated at 653 K in air stream for 2.5 hours and then treated at 823 K for 4.5 hours. After this, samples were co-macerated at grain size of 0.053 -0.105 mm and then were submitted to a pressure of 7.5 ton for 30 min. Finally be sieved between grain sizes 0.84-1.19 mm.
Characterization.
Alumina (γ-Al 2 O 3 ) and alumina impregnated with fluorine (γ-Al 2 O 3 F x ) were characterized by electrophoretic migration and potentiometric methods.
Electrophoretic migration measurements were carried out in a Zeta Meter 3.0 using 30 mg of sample suspended in 300 mL of a KCl solution 10 -3 mol L -1 , as described previously 27, 28 . Between each point the pH was adjusted with HCl or NaOH 0.1 mol L -1 as needed. The surface acidities of the support and oxidized catalysts were measured e-mail: mvillarroel@usach.cl by potentiometric titration with n-butylamine in acetonitrile using an Ag/AgCl electrode, according to the experimental procedure described previously 29 .
Reaction conditions.
Prior to reaction, the catalysts were submitted to in situ sulphidation during 4 h at 623 K under a hydrogen pressure of 3 MPa, using a solution of 7% CS 2 in diesel. Identical conditions were used for single and stacked beds.
The determination of the catalytic activity in HDS was carried out as in previous studies [4] [5] [6] [7] [8] [9] [10] [11] , in a stainless steel continuous flow micro-reactor, under operating conditions similar to what is used industrially. The total H 2 pressure was 3 MPa, reaction temperatures were 598, 623 and 648 K using two types of feedstock, a first one, with ~0.38% S (feed A) or a pre-treated feed with ~0.02% S (feed B), at a flow of 30 [4] [5] [6] [7] [8] [9] [10] [11] . Identical reaction conditions were used for single or stacked beds. Under each reaction condition, three samples of the reaction product were collected at intervals of 30 min. between each reaction temperature other two "samples" are depreciates at intervals of 30 min. Consequently, the time to complete each experiment at the three temperatures was slightly higher than 8 hours 9 .
Activity determination.
For feed A, the determination of sulphur content of the samples before and after the reaction was carried out using a LECO S-144DR sulphur analyzer with an infrared detector; the S analysis has a lower error near to 1%.
The feed B were characterized by gas chromatography, in a Shimadzu GC-2010 equipped with a flame photometric detector (GC-FPD) operating at 573 K, using N 2 as carrier gas at a flow of 1.5 mL min −1 in a SPB-5 capillary column, with a heating program from 323 K to 573 K at 5 K min −1 and an injection of a sample of 1µL at 573 K using autosampler. The identification of sulphur containing compounds in the feed B was performed by doping the diesel with the standard probe molecules DBT and 4,6-DMDBT, and subsequently comparing the retention times obtained for other molecules with literature data 30 . The degree of conversion of the refractory molecules was estimated from the obtained peak areas by chromatographic analysis.
The HDS of these molecules occurs mainly by means of a hydrogenation mechanism. Thus, hydrogenated intermediates are formed [31] [32] [33] , and consequently chromatography conversion instead HDS is reported. Taking to account that HDS of DBT and 4,6-DMDBT molecules were carry out in a real matrix, and not in artificial mixture, this can be called "HDS in situ".
The synergism in the each staked bed systems was expressed as spillover factor (Fso) and defined as Fso = [HDS (%) of the staked bed separated by γ-Al 2 O 3 F x particles / HDS (%) of Mo/γ-Al 2 O 3 single bed]. Table 1 Test 2) , suggesting that a synergism via Hso is observed, in all range of fluorine contents studied.
RESULTS AND DISCUSSIONS

Catalytic activity for feed A.
The results of Table 1 shown moreover that the HDS activity of Co//Mo system increases with increasing fluorine content, suggesting that fluorine favors the Hso migration, similarly as occurs with phosphorous 11 . Promotion effect could be explained from the influence of fluorine on neighboring bonds, due to its high electronegativity, favoring Hso transport through the surface of γ-Al 2 O 3 F x
34
. For fluorine contents among 0.2 to 0.8% fluorine replaces OH groups weakening the close O-H bonds, reaching a maximum at concentration of fluorine near to 0.8%. The Figure 1 shows that acidity increases until content near to 0.8%, in close agreement with the idea that fluorine replace partially the OH groups on the alumina surface. This replacement leads to a positive effect on their surface acidity by making more labile the O-H bonds, facilitating consequentially the migration of Hso. By increasing the fluorine content higher than 0.8%, would replace a greater amount of OH groups without causing an effect on the surface acidity, but only decreasing the number of OH sites where the Hso may migrate. Certainly, a similar trend is seen in Figure 2 , where the synergism expressed as spillover factor (Fso) increases at fluorine content near to 0.8%, and at higher F content the synergism decrease. Figure 2 also shows finally that Fso decrease with reaction temperature in close agreement with results obtained previously [4] [5] [6] [7] [8] [9] [10] [11] . 
Interaction scheme proposed Al-F.
In Figure 3 it is shown a scheme of γ-Al 2 O 3 F x with different fluorine content on the alumina surface, which acts as separator in the stacked beds used in this study. Without the incorporation of fluorine the alumina surface has an amount of OH groups available for Hso migration, as well as some type Al-O-Al bonds (A). By incorporating fluorine scheme proposes an increase in the number of OH sites available for Hso migration, caused either by the breaking of bonds Al-O-Al, to incorporate fluoride ions 34 . Taking into account that fluorine replaced OH groups, causing weakening of neighbor O-H bond, and favoring transport of Hso through the surface (B). This effect will be more notorious increasing fluorine content (C), which shows the greatest number of available OH groups on the surface with weakest bonds by presence of fluorine. At higher fluorine content (D) ceases to be optimal, and begins to favor a lesser proportion Hso migration across the surface. This behavior suggests that the amount of available OH groups through their replacement, have a significant influence on the neighboring O-H bonds since they lose proximity. This scheme is in agreement with previous studies [34] [35] [36] [37] that indicates that the way in which fluorine ions interacts with the alumina, is replacing the hydroxyl groups present on their surface, preferably OH groups with lower net charge, i.e. most basic OH groups 38 . Considering that in the γ-Al 2 O 3 approximately 15% of the hydroxyl groups present are basic 36, 37 , it is assumed that fluorine has high probability of being deposited replacing these basic OH groups on its surface. As noted, the presence of surface OH groups is a prerequisite for the Hso migrate across a surface, since the migration mechanism is through acidic surfaces 34 . For this reason, the fluorine to replace the surface OH groups, would be a hindrance to the Hso migration, and this would result in a decrease the HDS activity of the catalyst system when increase the fluorine content in the separator. However, this phenomenon is not experimentally observed, as discussed below. Electrophoretic characterization of γ-Al 2 O 3 F x show in Table  2 that Zero point of charge (ZPC) decreases to add fluorine to the alumina, in agreement with fluorine replacing OH groups, and in close agreement with the scheme suggested in Figure 3 . It is important to mention that there is not a direct relationship between the Hso promotion and ZPC, rather the ZPC is a sign that surface OH groups are being replaced by F atoms, with a greater electronegativity. Unfortunately the technique is not suitable to detect the presence of activated OH groups by F, which also decrease in quantity from certain content of F. As was pointed in this manuscript the HDS can been called "in situ" to differentiate these to other studies that could be made with artificial mixtures of these model compounds 9 . We have studied two refractory molecules with different steric hindrance i.e. different refractory degree: 4-MDBT and 4,6-DMDBT. In the samples obtained using feed B, were not detected a peak different from those observed in the original feed, suggesting that the hydrodesulphurization reaction of these two molecules do not leads to reaction intermediates containing sulphur. Consequently, it is possible to calculate the HDS of each molecule from the decrease of peak area associated, obtained by chromatographic analysis. 9 , is observed that the HDS is higher for the less refractory molecules: 4-MDBT than 4,6-DMDBT.
In Co//Mo staked bed there are no Co-Mo-S phase therefore Co//Mo synergism must be attributed only by Hso. Considering that Hso favors HDS Co// Mo synergism by HYD pathway 7 and that the presence of fluorine in the separator beds improves the Hso migration, it is clear that staked bed would favor the HDS of refractory molecules. This is seen more clearly in Figure 4 which shows the dependence of Fso with fluorine content at 598 K for the conversion of both molecules. Higher values of Fso are observed for the most refractory molecule 4,6-DMDBT > 4-MDBT. It is also noted that the fluorine content exhibits the same trend observed for feed A, (presenting a maximum near to 0.8% of fluorine) must be a general behavior for all sulphur molecules in staked bed system. 
CONCLUSIONS
Synergism for Co//γ-Al 2 O 3 F x //Mo staked bed reaches a maximum at X = 0.8% because Al-F groups produce a weakening of neighbor OH bond. Moreover this synergism increases when the molecule is more refractory: 4,6-DM-DBT > 4-MDBT. Thus, the synergism reported in bimetallic Co-Mo catalysts contain fluoride systems, can be well explained from Hso and improving their migration through the support surface. Results obtained with staked bed suggest that the addition of fluorine in Co-Mo bimetallic HDS catalysts might be a good tool for the hydrodesulphurization of feed from deeper layers, because it would increase the activity and selectivity of the most refractory molecules.
